Food security is an increasingly serious problem worldwide, and especially in sub-Saharan Africa. As land and resources are limited and environmental problems caused by agriculture are worsening, more efficient ways to use the resources available must be found. The objective of this study was to display the spatial variability in crop yield and resource use efficiencies across Nigeria and to give recommendations for improvement. Based on simulations from the crop model LINTUL5 we analyzed the influence of fertilizer application on the parameters Water Use Efficiency (WUE), Fertilizer Use Efficiency (FUE), and Radiation Use Efficiency (RUE) in maize. High spatial variability was observed, especially between the north and the south of the country. The highest potential for yield improvement was found in the south. While WUE and RUE increased with higher rates of fertilizer application, FUE decreased with higher rates. In order to improve these resource use efficiencies, we suggest optimizing management strategies, demand-oriented fertilizer application, and breeding for efficient traits.
Introduction
Maize is an important staple crop in many regions of the world, especially in sub-Saharan Africa [1, 2] . In Nigeria, the diet depends on maize as their number one cereal crop [3] . The average inhabitant consumes 60 grams of maize a day [1] . Nigeria is a country in Western Africa with a population of more than 195 million people [4] . Although agriculture is still responsible for 40% of the gross domestic product and two-thirds of the labor force are currently occupied by agriculture, the country's food production does not meet the demand [3] . One reason for this is the country's continually growing population [5] . Therefore, meeting the increasing food demand calls for interventions that could lead to increased crop productivity.
One of the key associations with increased productivity in agriculture has always been the use of chemical fertilizer [6] . However, the use of fertilizer in Africa is generally low compared to other developing regions, the average being 5.3 kg ha −1 in 2011 [6, 7] . This might be because of high fertilizer prices concerning crop prices, not enough financial resources of the farmers, or lack of knowledge of where to buy and how to use fertilizer [6] . Recently, there have been small increases in the amount of production, but only by the expansion of the production area [6] . In the past, there have been many programs trying to raise the amount of fertilizer used, but most of them failed in the long term, being too expensive or not sustainable enough [6] . However, compared to other African countries, Nigeria has relatively correct circumstances for producing nitrogen fertilizer. They have natural gas sources, and the demand for fertilizer in the country is high enough to make production profitable [6] . So, chances are good to increase production with fertilizer.
The average maize yield in Nigeria is 1.59 t ha −1 [8] , but the spatial variability between the states is high [9] . Possible reasons for these low yields might be a lack of nutrients in the soils, poor soil structure, or insufficient water supply [2] . Interaction among these limiting resources strongly influences the efficiency with which the resources are used, crop productivity, and the sustainability of crop production systems [10] . As resource use efficiency plays an essential role in agriculture, understanding the spatial distribution of resource use and resource use efficiencies of the current production systems could help to identify possibilities of producing more with the available resources and help to address the existing spatial variability in crop yield across the states. Furthermore, information about resource use efficiencies paves the way towards the adoption of integrated farming systems, which could be a potential approach to boost farm income and sustainable crop production in Nigeria.
Inefficiencies in resource use can have a significant impact on the output. Especially for countries where soils are poor in nutrient content, it is crucial to optimize their use efficiencies [11, 12] . The efficient management of fertilizer is particularly crucial due to the negative impacts of excessive nitrogen use on the environment. The excessive application of ammonium can create imbalances with other cationic nutrients such as calcium, phosphorus, and magnesium. The abundance of ammonium also reduces the soil pH, which at a certain level can cause the release of toxic elements such as aluminum. Thus, in such cases nitrate fertilizers instead of ammonium or urea fertilizers are preferable. However, nitrate nitrogen is very mobile in the soil and highly susceptible to leaching after heavy rains or after irrigation. The leached nitrate may reach groundwater aquifers, contaminating drinking water. In the future, with increasing fertilizer-N application rates, the possibility of nitrate pollution of groundwater in developing countries will be strongly linked with fertilizer-N efficiency. A limited number of investigations suggest that in the humid tropics of Africa, the potential exists for nitrate pollution of groundwater, especially if fertilizer-N is inefficiently managed [13] .
As with water, nutrient availability and radiation are often limiting factors to crop growth. The impacts of specific factors on crop growth and crop productivity have been studied for a long time, and therefore are generally well known [10] . However, research gaps still exist in understanding the interactions between the factors affecting their use efficiencies and their variability in space and time, especially at large scale (from state to national scale). To our knowledge, no such studies at a national scale pertaining to Nigeria have been reported in the literature to date. Therefore, this study aims to display the yield and existing variability in resource use efficiencies at a national scale and arrive at model-based estimations of yield increase using different amounts of fertilizer. Regarding the indicators for quantifying resource use efficiencies, we concentrated on the Agronomic Fertilizer Use Efficiency (FUE), Water Use Efficiency (WUE), and Radiation Use Efficiency (RUE).
Nutrient availability in the soil is often a factor limiting plant growth. So, NPK fertilizers have proven to be an effective way of meeting the demands of the crop and thereby enhancing plant growth and yield. However, the costs for fertilizers are high, and are often even the highest input cost in farming [14] . More challenges associated with nitrogen are its leaching into the soil and the release of N-containing gases into the atmosphere. Both phenomena are very bad for the environment. Therefore, improving the plants' Nitrogen Use Efficiency (NUE) is of high importance. NUE is defined as "the total biomass or grain yield produced per one unit of applied fertilizer N" [2, 14, 15] . Generally, two factors account for NUE: the plant's N uptake and its utilization efficiencies.
The second parameter taken into consideration was Water Use Efficiency (WUE). Sometimes the term Water Use Efficiency is referred to as the ratio of yield per unit of evapotranspiration [15, 16] . In our case, however, we use this term to describe the rate of yield produced per unit of precipitation. At present, 80% of the world's available water resources are spent on agriculture [17] . However, as a consequence of the growing population, other sectors will demand more water in the future [15] . Therefore, agriculture must produce more food with less water. This means that plants have to become more efficient in using the water given [18] .
The third parameter, Radiation Use Efficiency (RUE), is usually referred to as the "ratio of the amount of dry matter produced per one unit of intercepted photosynthetically active radiation" [5, 19] .
All these parameters were analyzed with the help of a crop growth model called LINTUL5. In this model, weather, soil, and management information are taken into consideration. This enables the model to estimate influences on and limitations to yield and biomass. We also analyzed their effects on Resource Use Efficiencies.
Materials and Methods

Model Description
LINTUL5is a bio-physical model that simulates plant growth, biomass, and yield as a function of climate, soil properties, and crop management using experimentally derived algorithms. LINTUL5 has been widely used in various studies at field, country, and continental scales [20] [21] [22] [23] [24] [25] [26] [27] . The applied version of LINTUL5 [28] simulates potential crop growth (limited by solar radiation only). The phenology is simulated by the accumulation of thermal time above a defined base temperature. Total crop growth, root-shoot partitioning, and leaf area expansion are further influenced by water stress and nutrient stress. To simulate a continuous cropping system, the model was embedded into a general modelling framework, SIMPLACE (Scientific Impact Assessment and Modelling Platform for Advanced Crop and Ecosystem Management) [26] . The SIMPLACE<LINTUL5-SLIM-SoilCN> solution to the modelling platform was used in this study. SLIM is a conceptual soil water balance model subdividing the soil into a variable number of layers, substituting the two-layer approach in LINTUL5 [29] . To estimate nitrogen uptake by crop, turnover, leaching of soil mineral nitrogen (nitrate N and ammonium N) in layered soils, the sub-model "SlimNitrogen" derived from the SLIM model [29] and the sub-model "SoilCN" were used. SlimNitrogen calculates the daily changes of three pools of soil mineral N in each soil layer (for details refer to [30] ).
Water stress occurs when the available soil water is between a defined critical point and the wilting point or higher than the field capacity (i.e., water-logging). The critical point is a crop-specific value which is calculated according to [31] and depends on crop development, soil water tension, and potential transpiration. Nitrogen stress occurs when crop available nitrogen in the rooted soil profile is lower than crop nitrogen demand. Water, nutrients (NPK), temperature, and radiation stresses restrict the daily accumulation of biomass, root growth, and yield. Stress indices are calculated daily for water and nutrient limitations and range from 0.0 to 1.0. The estimation of the daily increase in crop biomass, considers, on a given day, the maximum stress index among water, nitrogen, phosphorus, and potassium stress.
Climate and Soil Data
The climate data at the national scale were made available from the National Aeronautics and Space Administration (NASA), Goddard Institute of Space Studies (https://data.giss.nasa.gov/impacts/ agmipcf/agmerra/), and AgMERRA [32] , and consisted of daily time series over the 1980-2010 period with global coverage of the climate variables required for agricultural models (i.e., minimum and maximum temperature, solar radiation, precipitation, and wind speed). These datasets were produced by combining state-of-the-art reanalyses (NASA's Modern-Era Retrospective analysis for Research and Applications (MERRA) [33] and NCEP's Climate Forecast System Reanalysis (CFSR) [34] with observational datasets from in situ observational networks and satellites. The dataset is stored at 0.25 • c 0.25 • horizontal resolution (~25 km 2 ). Values for relevant soil parameters for each soil layer down to maximum soil depth (sand, silt, clay, gravel content, cation exchange capacity, pH, organic carbon, and bulk density) were extracted from the soil property maps of Africa at 1 km × 1 km resolution (http://www.isric.org/data/soil-property-maps-africa-1-km). Other parameters such as soil water at field capacity, wilting point and saturation point, and van Genuchten parameters were computed [35] .
Simulations over all of Nigeria were run at 1 km × 1 km resolution and outputs were aggregated at the state level to compare them with statistics ( Figure 1 ). 
Dataset for Model Calibration
Maize yields (ton/ha) and fertilizer application (nitrogen, phosphorus and potassium) rates over 15 years (1996-2010) were collected from the IITA, Nigeria and University of Ibadan, Nigeria. These values were used for the model calibration at the state level. The NPK application rates in three states (i.e., Edo, Kwara, and Ogun) were 6, 9, and 3.15 kg/ha, respectively, and were used in model calibration.
The default maize (Zea mays L.) crop parameter dataset for LINTUL5 was used, and some parameters which were similar or identical to the maize crop parameters in the WOFOST model [36, 37] were adjusted. This parameter set was used as a starting point to establish a new parameter set for the maize long cycle variety "Obatanpa". For the crop parameters, a plausible range over which they vary was obtained from the literature [20, 21, 37, 38] . By systematically sampling a value from the range of each parameter, a set containing all the parameters of the model was obtained and evaluated by comparing the simulated grain yield and the phenology to the corresponding observations. The systematic sampling and evaluation were performed for the entire parameter space of all variables, and the parameter set with the smallest mean residual error was chosen ( Table 1) .
As a measure of accuracy to compare statistical data and simulated values, the following objective functions were used [39] : a. The mean relative error (MR) as:
b. The mean residual error (ME) as:
where n is the sample number, x is the observed value, and y is the simulated value. An ME value of 0 indicates no systematic bias between simulated and measured values. The mean relative error (MR) shows the mean magnitude of the error related to the observed value. Small values indicate little difference between simulated and measured values. 
Results
Model Calibration and Evaluation
The observed and simulated maize grain yield agreed well in Ogun state where MR = 2.2% and ME = 0.03 ton/ha. Whereas, in Edo and Kwara, the model underestimated the maize grain yield by −11.6% and −13.8%, respectively. The ME was also underestimated by 0.21 ton/ha and 0.19 ton/ha respectively compared to the observed grain yield values ( Figure 2) .
When applied to the 25 States in Nigeria, average simulated yields of the states were in the range of observed yields averaged over 15 years with a root mean square error (RMSE) of 0.4 ton/ha. The discrepancy observed in the simulated yield could have resulted due to soil parameters used from the ISRIC-WISE database, which refer to soil samples that are representative of large areas. Available soil data do not likely represent long-term cultivated, nutrient-depleted soils. 
Simulated Yields and Biomass at Different Rates of Fertilizer Application
The effect of fertilizer application rates on the simulated maize yields and biomass were observed (Figure 3a) . The simulated yields and biomass under different scenarios are also presented in maps describing the achieved simulated output level foreach state of Nigeria, which can be seen in Figure A1 in Appendix A.
The differences between the simulated yields in the different states under the application of 90 kg of nitrogen per hectare can be observed in Figure 3b . In this scenario, the state Ekiti reached 5.1 ton/ha and Osun 5.06 ton/ha. Generally, the south of Nigeria reached the highest levels of simulated yields and simulated biomass.
Under the scenario of 0, 9, and 45 kgN/ha, the states with greater simulated yields were Lagos, Delta, and Akwa Ibom, whereas the states of Ekiti, Osun, and Akwa Ibon were the highest under the scenarios of 90 and 135 kgN/ha. The lowest simulated yield was found in the states of Jigawa, Kebbi, and Katsina for all the scenarios studied. According to the scenario of 90 kgN/ha, Katsina had a simulated yield of 1 ton/ha and Jigawa 0.58 ton/ha. The same trend was observed in the simulated biomass calculation.
The statistical analysis showed a significant (p < 0.01) and negative correlation of yields and simulated biomass with the amount of radiation received during the maize growing period and the average temperature during the growing season in all the cases studied. On the contrary, there was a significant positive correlation (p < 0.05) with precipitation during the growing season. Figure 4a shows the Water Use Efficiency (WUE) in the maize yields and the biomass in all the fertilizer scenarios. The same trend was observed in WUEs based on both maize yield and biomass: when the amount of fertilizer increased, the WUE increased as well until the threshold of 90 kgN/ha after which a plateau was reached.
Simulated Water Use Efficiency under Different Rates of Fertilizer Application
Differences between the states were found in the simulated WUE. The highest WUE was reached in Jigawa under the scenario of 9 kgN/ha and Federal Capital Territory under the scenarios of 45, 90, and 135 kgN/ha, while the lowest values were achieved in Akwa Ibom in all scenarios. Figure 4b shows the obtained levels of WUE based on yields across Nigeria under the rate of 90 kg of nitrogen fertilizer per hectare, where the highest simulated WUE was 18.35 kg/mm in Federal Capital Territory and 16.90 kg/mm in Oyo, while the lowest was 8.16 kg/mm in Akwa Ibom. All maps of simulated WUE can be found in Appendix A ( Figure A2) .
A positive and significant (p < 0.01) correlation between the simulated WUE with the radiation and average temperature in maize growth period was found in the scenarios of 0 and 9 kgN/ha; this correlation became negative but also statistically significant (p < 0.01) in the scenarios of 45, 90, and 135 kgN/ha. Whereas, the simulated WUE and the precipitation during the maize growth period were negatively correlated (p < 0.01). 
Simulated Radiation Use Efficiency RUE under Different Rates of Fertilizer Application
The graph of simulated Radiation Use Efficiency (RUE) based on yields and biomass across the different scenarios are shown in Figure 5a , which had a similar trend to Water Use Efficiency. Figure 5b shows the differences in simulated RUE among the states of Nigeria under the fertilizer application of 90 kgN/ha (the maps of the other scenarios are shown in Figure A3 in Appendix A). In this case, Akawa Ibom presented the highest rate (3.26 kg/kJ) and Jigawa the lowest (0.27 kg/kJ). Delta was the state with the highest simulated RUE in the fertilizer scenarios of 0, 9, and 45 kgN/ha, and Akawa Ibom was for the scenarios of 90 and 135 kgN/ha. The lowest value of RUE was estimated in Jigawa.
According to the statistical analysis, there was a significant negative (p < 0.01) correlation between the simulated RUE with the radiation and average temperature during the maize growth period in the fertilizer scenarios of 9, 45, 90, and 135 kgN/ha. Additionally, a significant positive relationship (p < 0.01) was found between simulated RUE and precipitation during the maize growth period in all the fertilizer scenarios tested. 
Simulated Fertilizer Use Efficiency FUE under the Different Rate of Fertilizer Application
The highest simulated Fertilizer Use Efficiency was estimated under the lowest rate of fertilizer application (9 kgN/ha), as can be seen in Figure 6a . The FUE decreased when larger quantities of fertilizer were applied. The increase in yield or biomass due to the addition of each kilogram of fertilizer constrained the feasible production due to the properties of the soil. Equation 
The south of Nigeria presented the most significant simulated FUE; Akwa Ibom and Oyo were the states with the biggest Fertilizer Use Efficiency under the scenarios of 9 and 45 kgN/ha, and Ekiti and Osun were for the scenarios of 90 and 135 kgN/ha. Meanwhile, Jigawa and Katsina were the states which reached the lowest FUE. Figure 6b shows a map of Nigeria with the representation of the simulated FUE among the states under the application of 9 kgN/ha. Akwa Ibom had the highest FUE value (63.54 kg /kg) and Jigawa the lowest (19.57 kg /kg). The maps of FUE for the remaining scenarios can be observed in Figure A4 in Appendix A.
According to the statistical analysis, a significant (p < 0.01) negative correlation was found between the FUE and the radiation and average temperature during the maize growth period. Additionally, a positive significant (p < 0.01) correlation between FUE and precipitation in the growing season was identified. 
Discussion
To meet the food demand of Nigeria's increasing population, the yields have to increase. As the results show, fertilizer application was an effective way to increase yield in the maize crop, which responded well to the fertilizer application. The increased production due to the increase in fertilizer use has previously been observed for maize in sub-Saharan and Asian countries [40] . The recommendation is a combination of organic and mineral fertilizer or other soil conservation practices [2, 41, 42] . Other studies have concluded that the use of nitrogen in an efficient way to produce higher maize grain yield depending on variety and season.
We found that with higher amounts of fertilizer applied, the use efficiency decreased. This was also found in other studies [2, 10, 43, 44] . Consequently, the increase in fertilizer application increases the ratio of fertilizer remaining unused by the plant. Some studies in China have even shown that the relationship between growth in fertilizer and increase in nitrogen losses to the environment is exponential [5] . As a result, the overuse of fertilizer comes with the risk of endangering the environment, especially soil and water resources [10, 43, 45, 46] . FUE is affected by radiation and daily mean temperature, which have a negative correlation with it. It is also affected by precipitation, which is positively correlated. The soil condition in general and the soil's water-holding capacity directly influence the N availability for plants [46] . Li et al. have also shown that water availability has a positive effect on FUE [47] . Higher radiation and temperature cause reduced microbiotic activity in the soil; this again reduces the N availability in the topsoil, which reduces the plant uptake of N and so limits the plant growth. This is how the negative correlation between radiation and temperature to FUE can be explained.
The states with the highest FUE were Lagos and Ekiti, depending on the fertilizer scenario. Generally, the states in the south with higher precipitation had higher FUE. So, here, the chance to increase yield by increasing FUE is the highest. It is possible to achieve this by adjusting time and area of fertilizer application to the need of the plants, improving the water-holding capacity of the soil, and breeding for higher N uptake in the plants [10, [44] [45] [46] 48] . Additionally, the use of controlled-release urea has been proven to be beneficial to the FUE [47] .
For crops grown under rainfed conditions, high WUE is very important [16] . As Nigerian agriculture is entirely dependent on rainfall, finding ways to improve WUE is a top priority. In general, Maize is an efficient user of water [49] . Throughout Nigeria, we saw considerable differences in the WUE between the states. The highest WUE was reached in the states of Kebbi, Jigawa, and Federal Capital. This is interesting because Kebbi and Jigawa are both located in the North, which is a very dry and warm climate. An annual average temperature of 28.4 • C in Kebbi and 24.9 • C in Jigawa is estimated; both have annual precipitation around 800 mm, whereas Federal Capital Territory is in central Nigeria and has rainfall up to 1400 mm a year. The lowest values of WUE were found in Akwa Ibom, a humid forest area with much rainfall. This supports the thesis that the WUE is highest where the least water is available. Additionally, the correlation of precipitation to WUE was always negative.
We saw a positive correlation between mean temperature and radiation in the first two fertilizer scenarios (0 and 9 kgN/ha) and a negative correlation to WUE in the others (45, 90 , and 135 kgN/ha). So, WUE seemed to improve with increasing mean temperature and radiation until 9 kgN/ha of fertilizer application, but not with further quantities.
Our results show that an increase in fertilizer application increased the WUE. As nitrogen becomes less limiting in plant growth, the plant can use more of the available water and thus is more efficient. Other studies have also shown increased WUE with increased fertilizer levels [16] . The same outcomes were found in experiments with wheat [50] .
The effect of fertilizer on WUE can be increased by including other plants in the crop rotation [16] . WUE generally increases with reduced soil cultivation and length of fallow periods, and decreases with higher intensification [15] . As WUE is positively linked to the yield, fertilizer has an indirect effect on WUE because it promotes yield. The ideal amount of fertilizer depends on the type of soil, precipitation, and management practices [15] . Further strategies for improving WUE are breeding for drought adaptivity and stomatal frequency and adjusting the management in terms of planting date, tillage, and fertilizer application [49, 51] .
The solar radiation absorbed by vegetation is used in biophysical processes that control the production of biomass and the yield of crops at a potential rate. Since the RUE represents a relationship between dry matter produced and the intercepted photosynthetically active radiation (IPAR) during the crop growth cycle, in the current study, an increase of RUE was observed along with the rise of the biomass.
Not only the fertilizer impacts the RUE; precipitation also plays an important role. Some studies found a high impact of precipitation and N application rate over the RUE. The results show an increase of RUE in an environment with more precipitation and more use of nitrogen [52] , as it can be observed in the Appendix A in Figure A3 . This could be explained by the decrease of the ability of the photosynthetic organs in the plant to generate energy due to the lack of nitrogen. Some of the limitations of this study include that model calibration was confined to only three states in Nigeria due to a lack of observations. Only one variety of maize and the same fertilizer application rates across the states were used in the simulations. A fixed planting date was used across the states, which might be an over-simplification of the reality as farmers may use different planting dates depending upon the suitable weather conditions. 
